Insulin receptor substrate 1 (IRS1) is a key mediator of insulin signal transduction. Perturbations involving IRS1 complexes may lead to the development of insulin resistance and type 2 diabetes (T2D). Surprisingly little is known about the proteins that interact with IRS1 in humans under health and disease conditions. We used a proteomic approach to assess IRS1 interaction partners in skeletal muscle from lean healthy control subjects (LCs), obese insulin-resistant nondiabetic control subjects (OCs), and participants with T2D before and after insulin infusion. We identified 113 novel endogenous IRS1 interaction partners, which represents the largest IRS1 interactome in humans and provides new targets for studies of IRS1 complexes in various diseases. Furthermore, we generated the first global picture of IRS1 interaction partners in LCs, and how they differ in OCs and T2D patients. Interestingly, dozens of proteins in OCs and/or T2D patients exhibited increased associations with IRS1 compared with LCs under the basal and/or insulin-stimulated conditions, revealing multiple new dysfunctional IRS1 pathways in OCs and T2D patients. This novel abnormality, increased interaction of multiple proteins with IRS1 in obesity and T2D in humans, provides new insights into the molecular mechanism of insulin resistance and identifies new targets for T2D drug development.
Insulin receptor substrate 1 (IRS1) is a key mediator of insulin signal transduction. Perturbations involving IRS1 complexes may lead to the development of insulin resistance and type 2 diabetes (T2D). Surprisingly little is known about the proteins that interact with IRS1 in humans under health and disease conditions. We used a proteomic approach to assess IRS1 interaction partners in skeletal muscle from lean healthy control subjects (LCs), obese insulin-resistant nondiabetic control subjects (OCs), and participants with T2D before and after insulin infusion. We identified 113 novel endogenous IRS1 interaction partners, which represents the largest IRS1 interactome in humans and provides new targets for studies of IRS1 complexes in various diseases. Furthermore, we generated the first global picture of IRS1 interaction partners in LCs, and how they differ in OCs and T2D patients. Interestingly, dozens of proteins in OCs and/or T2D patients exhibited increased associations with IRS1 compared with LCs under the basal and/or insulin-stimulated conditions, revealing multiple new dysfunctional IRS1 pathways in OCs and T2D patients. This novel abnormality, increased interaction of multiple proteins with IRS1 in obesity and T2D in humans, provides new insights into the molecular mechanism of insulin resistance and identifies new targets for T2D drug development.
Insulin resistance in skeletal muscle, the major site of insulin-stimulated glucose disposal, underlies a large number of aberrant conditions, such as the metabolic syndrome and type 2 diabetes (T2D) (1) (2) (3) (4) . Insulin receptor substrate 1 (IRS1) plays a central role in the insulin cascade, and its ability to form signaling complexes with the insulin receptor and intracellular signaling partners as a keystone, linking events at the plasma membrane with intracellular machinery. Abnormal protein-protein interactions involving IRS1 may interfere with proper insulin transduction and contribute to the development of insulin resistance and T2D. Most studies on IRS1 interaction partners have been carried out in cell culture or animal models, focusing on a few known targets (5) (6) (7) (8) (9) (10) (11) . Whether these findings can be translated into humans is unclear. IRS1 contains a pleckstrin homology domain and a phosphotyrosine binding domain, through which it interacts with the insulin receptor and insulin-like growth factor 1 receptor. IRS1 also has several YXXM motifs. Upon tyrosine phosphorylation, IRS1 interacts with the p85 regulatory subunit of phosphatidylinositide 3-kinase (PI3K) which leads to the activation of this enzyme and subsequent activation of Akt, resulting in enhanced glucose uptake, and increased glycogen and protein synthesis (7, 8) . In addition, tyrosine phosphorylated IRS1 interacts with growth factor receptor-binding protein 2 (GRB2), leading to mitogen-activated protein kinase activation and subsequent promotion of cell survival and mitogenesis (10) . Moreover, IRS1 interacts with negative regulators such as SH-protein tyrosine phosphatase-2, a protein tyrosine phosphatase that reduces levels insulin-stimulated tyrosine phosphorylation of IRS1 (11) . Furthermore, IRS1 binds through its phosphotyrosine binding domain to tyrosine 14 of caveolin-1 (CAV1), and in CAV1-deficient cells IRS1 protein expression is reduced (9) . Post-translational modifications, especially phosphorylation and glycosylation, of IRS1 have been implicated in insulin resistance and T2D. Reduced tyrosine phosphorylation of IRS1 is a common feature in insulin-resistant human skeletal muscle, while either increased or decreased site-specific serine/threonine phosphorylation of IRS1 have been reported in insulin resistance and T2D (12) . Additionally, O-linked glycosylation of IRS1 is higher in insulin-resistant conditions (13) . All of these insulin-signaling events involving IRS1 require the time-dependent formation of IRS1 complexes (14) . Surprisingly, except for the p85a subunit, which has been shown to interact with IRS1 in human skeletal muscle (7, 8) , little is known about the proteins that interact with IRS1 in human skeletal muscle in health and disease conditions.
Proteomic approaches combining high-performance liquid chromatography (HPLC)-electrospray ionization (ESI)-tandem mass spectrometry (MS/MS) with coimmunoprecipitation (CO-IP) have been widely used to map protein-protein interaction networks (15, 16) . Nonetheless, most of these studies used protein overexpression and/or epitope-tagged bait proteins, and were performed in cell culture models. We developed a straightforward, label-free approach combining HPLC-ESI-MS/MS with CO-IP, without the use of protein overexpression or protein tags, to investigate changes in the abundance of endogenous proteins associated with a bait protein, and identified 11 novel endogenous insulin-stimulated IRS1 interaction partners in L6 myotubes (6) . In the current study, we applied an improved proteomic approach to investigate IRS1 interaction partners in human skeletal muscle from lean control subjects (LCs), obese nondiabetic control subjects (OCs), and obese T2D patients. The goal of the study is to determine 1) whether the proteins shown to interact with IRS1 in cell culture or animal models indeed interact with IRS1 in human skeletal muscle, and whether there are new IRS1 interaction partners in human skeletal muscle; and 2) whether there are new abnormalities in protein-protein interactions involving IRS1 in skeletal muscle insulin resistance and T2D compared with the lean healthy condition. Supplementary Fig. 1 , the approach we used included extensive clinical and proteomics data acquisition and data analysis. The clinical studies started with participant recruitment and were followed by comprehensive screening tests, and in-patient clinical procedures involving hyperinsulinemic-euglycemic clamp and muscle biopsies. The proteomics studies were conducted as follows: biopsy homogenization; immunoprecipitation of the "bait" protein (IRS1), at the endogenous level; followed by onedimensional SDS-PAGE to separate cointeraction proteins; in-gel trypsin digestion to generate peptide fragments; and HPLC-ESI-MS/MS analysis to identify coimmunoprecipitating proteins. Multiple biological comparisons and immunoprecipitation of Normal IgG (NIgG; as nonspecific control) were used to minimize false-positive results. Extensive bioinformatics and literature searches were used to integrate clinical and proteomics data and to identify pathways/functional categories, in which identified IRS1 interaction partners were involved, that were impacted by obesity and T2D.
RESEARCH DESIGN AND METHODS

As illustrated in
Reagents
The following suppliers were used: sequencing-grade modified trypsin (Promega, Madison, WI); protein A sepharose and iodoacetamide (Sigma-Aldrich, St. Louis, MO); C18 ZipTip (Millipore, Billerica, MA); and antibody to IRS1 (Millipore, Billerica, MA).
Subjects
A total of 22 volunteers-8 glucose-tolerant LCs; 7 glucose-tolerant OCs; and 7 T2D patients-were recruited and took part in the study at the C.S. Mott Center for Human Growth and Development at Wayne State University. The purpose, nature, and potential risks of the study were explained to all participants, and written consent was obtained before their participation. None of the participants had any significant medical problems (other than diabetes). None of the participants engaged in any heavy exercise, and they were instructed to stop any form of exercise for at least 2 days before the study. T2D patients were treated with metformin and/or sulfonylureas, which were withdrawn 3 days before the hyperinsulinemic-euglycemic clamp visit. The protocol was approved by the Institutional Review Board of Wayne State University.
Hyperinsulinemic-Euglycemic Clamp With Muscle Biopsies
A hyperinsulinemic-euglycemic clamp was used to assess insulin sensitivity and expose skeletal muscle to insulin in vivo, as previously described (17, 18) . The study began at approximately 0830 h (time 260 min) after a minimum 10-h overnight fast. A catheter was placed in an antecubital vein and maintained throughout the study for infusions of insulin and glucose. A second catheter was placed in a vein in the contralateral arm, which was covered with a heating pad (60°C) for the sampling of arterialized venous blood. Baseline arterialized venous blood samples for determination of plasma glucose and insulin concentrations were drawn. At 0900 h (time 230 min), a percutaneous needle biopsy of the vastus lateralis muscle was performed under local anesthesia. Muscle biopsy specimens were immediately blotted free of blood, cleaned of 
Plasma Insulin Concentration Determinations
Plasma insulin concentration was measured by the ALPCO Insulin ELISA Jumbo (ALPCO Diagnostics, Salem, NH).
Proteomics Sample Preparation and Analysis
Biopsy samples were homogenized and processed as previously described (17, 18) . The lysate proteins were precleared with NIgG followed by IRS1 immunoprecipitation. The coimmunoprecipitates were resolved on one-dimensional SDS-PAGE, followed by in-gel trypsin digestion, peptide purification, and HPLC-ESI-MS/MS analysis using an LTQ Orbitrap Elite as described (6, 19) . Peptides/protein identification and quantification were performed using the MaxQuant, one of the popular quantitative proteomics software packages (20) . Peak areas (PAs) for each protein were obtained by selecting the label-free quantification option in MaxQuant. Only proteins identified with a minimum of two unique peptides and with a false discovery rate (FDR) of 0.01 were considered.
To be considered as an IRS1 interaction partner, a protein has to further satisfy the following criteria: 1) the protein must be identified with label-free quantification PAs in more than half of the IRS1 immunoprecipitates (IPs) (i.e., .22 biopsy samples used), and 370 proteins met this criterion; and 2) those proteins must have an enrichment ratio of .10. The enrichment ratio was calculated as follows: first, the PA for a protein identified in a gel lane was normalized against the sum of the PAs for all proteins identified in the same gel lane to obtain normalized ratio for each protein, Norm:i:
Then, the average of normalized ratio for each protein in the IRS1 coimmunoprecipitates, Average_Norm:i_IRS1, as well as the average of normalized ratio for the same protein in the NIgG coimmunoprecipitates, Average_Norm:i_NIgG, were obtained. Finally, Average_Norm:i_IRS1 was divided by Average_Norm:i_NIgG, to obtain the enrichment ratio for each protein:
Since we used NIgG as a control, the first level of identification will be to search for proteins exclusively detected in the IRS1 IPs. However, this will result in falsenegative results. Because of the high sensitivity of our approach, even if a trace amount of a protein was nonspecifically bound or adsorbed on the NIgG beads, it may be identified with a minimum of two unique peptides with an FDR of 0.01. Nonetheless, if this protein is a true component of the IRS1 complex, a higher PA will be assigned to this protein in the IRS1 sample than in the NIgG sample.
To determine the relative quantities of IRS1 interaction partners in lean, obese, and T2D subjects, the PA for each protein identified in a specific biopsy was normalized against the PA for IRS1 identified in the same biopsy sample, which results in Norm:j:
The normalization strategy is widely used in proteomics studies involving protein-protein interactions (15) and uses the same concept used in Western blotting, in which the Western blot signal for an interaction protein is normalized against that for the protein serving as the bait. The normalized PA for each IRS1 interaction partner, Norm:j, was log2-transformed and compared within the group to assess the effects of insulin or across the three groups to determine the effects of obesity or T2D on protein-protein interactions involving IRS1.
Statistical Analysis
Although a large number of proteins was assigned in at least 1 of 44 biopsy samples that were studied, a series of filters was used to narrow the number of proteins that were used in comparisons among groups as described above. This approach is diagrammed in Supplementary  Fig. 1C . For within-group comparisons to assess the effects of insulin, statistical significance was assessed using paired t tests. For across-group comparisons, statistical significance was assessed using ANOVA with post hoc independent t tests. Differences were considered statistically significant at P , 0.05.
Bioinformatics Analysis
Pathway analysis on IRS1 interaction partners were performed using two bioinformatic software packages: Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA), which considers a pathway to be a set of genes; and Impact Analysis (21) , which takes into account the topology of the pathway, in addition to the overrepresentation of genes. Both of these software packages are widely used, and contain biological and chemical interactions and functional annotations created by manual curation of the scientific literature (21, 22) . Ingenuity queries a proprietary database of Canonical Pathways; Impact Analysis uses the Kyoto Encyclopedia of Genes and Genomes (KEGG) (23) and Reactome Pathway (24) databases. Due to the fact that a gold standard pathway analysis tool or pathway database is currently unavailable, using multiple pathway analysis packages or databases may provide better results. A pathway was considered to be significantly enriched if both the FDR for the pathway was ,0.01 and the pathway included at least four of the identified IRS1 partners.
RESULTS
As can be seen from Table 1 , no significant differences in sex and age were observed among the three groups. Compared with LCs, BMI, percentage of body fat, and fasting plasma insulin levels were significantly higher, whereas the M values, a measure of insulin sensitivity, were significantly lower in OCs and T2D patients.
IRS1 was detected in IRS1 IPs from all 44 biopsy samples used for the study, but was not detected at all in the NIgG IPs. In total, 122 proteins met the criteria for the classification as IRS1 interaction partners ( Table 2 ). Note that proteins may interact with IRS1 directly or indirectly through another protein that interacts with IRS1 directly. Among these 122 IRS1 interaction partners, 113 were previously unreported in any species. Of the nine proteins that were previously reported as IRS1 interaction partners (Table 2) , only p85a was reported in human skeletal muscle (7, 8) . Pathway analysis of the 122 IRS1 interaction partners indicated that multiple pathways are significantly enriched, such as pathways related to mitochondrial function, insulin signaling, protein synthesis and degradation, and cytoskeleton dynamics ( Fig. 1A and Supplementary Table 1 ). These results imply that IRS1 plays an important role in these biological processes or that these pathways regulate IRS1 function. A significantly enriched interaction network of IRS1 is shown in Fig. 1B . These novel IRS1 interaction partners in humans may help to understand the various roles that IRS1 plays in physiological and pathophysiological conditions in muscle and other tissues/organs. Furthermore, 39 of the 122 proteins showed a significant difference in IRS1 interaction among the three groups or within a group in response to insulin (Table 3) . Supplementary Fig. 2 provides a summary of IRS1 interaction partners in LCs, and how they differ in OCs and T2D patients with and without in vivo insulin infusion. Confirming the literature, both p85a (PIK3R1) and p85b (PIK3R2) showed a significant increase in the association with IRS1 in response to insulin infusion in LCs, but not in OCs and T2D patients. Since p85a and p85b are wellknown insulin-stimulated interaction partners of IRS1 in skeletal muscle cells, and their interactions with IRS1 are impaired in insulin-resistant conditions (7, 8) , these results served as a positive control for our proteomics approach.
Of interest, we found nine insulin-stimulated interaction partners of IRS1 in T2D patients, and six in OCs that did not respond to insulin in LCs ( Supplementary Fig. 2 , highlighted in red and cyan, respectively). Moreover, 10 and 12 proteins in 2-h insulin-stimulated muscle in T2D patients and OCs, respectively, showed increased associations with IRS1 compared with 2-h insulin-stimulated LC muscle ( Supplementary Fig. 2 , highlighted in orange and brown, respectively). These results imply that in addition to reduced insulin response in classic signaling proteins, the increased interaction of multiple proteins with IRS1 in response to insulin also characterizes insulin resistance and T2D. Moreover, nine and four proteins in basal OC and T2D muscle, respectively, showed an increased association with IRS1 compared with basal LC muscle (Supplementary Fig. 2 , highlighted in blue). The proteins that showed increased interaction with IRS1 in OC and T2D muscle are involved in multiple pathways and functional categories related to insulin signaling, such as PI3K/AKT signaling, mitochondrial function, inflammation, degradation/synthesis, and cytoskeletal dynamics. KEGG PI3K-AKT and KEGG Oxidative Phosphorylation metabolic pathways with IRS1 partners color-coded according to their differences in IRS1 interaction among LCs, OCs, and T2D patients are illustrated in Fig. 2A and Fig. 3 , respectively.
DISCUSSION
High-throughput technologies such as oligonucleotide microarrays are powerful tools for the study of physiological and pathological conditions with complex or multifactorial underlying mechanisms, such as insulin resistance and T2D. However, expression of muscle mRNA may not reflect the abundance of proteins (25) and can give no information regarding protein-protein interactions. MS/MS-based proteomics offers a powerful approach for studying the complex protein-protein networks in insulin resistance. IRS1 plays a central role in the insulin cascade, and abnormal IRS1 complexes may contribute to the development of insulin resistance. Most studies on IRS1 interaction partners have been carried out in cell culture or animal models, concentrating on a few known targets (5-11). The present project analyzed proteins isolated from muscle biopsies of LCs, OCs, and T2D patients using state-of-the-art HPLC-ESI-MS/MS to assess interacting partners of IRS1. Compared with the approach that we published previously (6), the main improvement includes the following: 1) use NIgG as a negative control to filter our nonspecific binders; 2) multiple biological comparisons to improve confidence; and 3) extensive bioinformatics analysis to reveal significantly enriched pathways. The strategy has the ability to detect endogenous protein complexes, without the use of labeling or protein overexpression/tags. This approach may be applicable to the study of other protein complexes in cells, animal models, and human tissue samples. PI3K-AKT signaling is a well-defined insulin-signaling pathway regulating glucose metabolism (3, 7) . Multiple proteins involved in this pathway exhibited increased interaction with IRS1 in OCs and/or T2D patients ( Fig. 2A) , such as PI3KR1, GRB2, serine/threonine protein phosphatase 2A catalytic subunit (PPP2CA/B [also known as PP2Ac]), and 65-kDa regulatory subunit A a (PPP2R1A), and 40S ribosomal protein S6 (RPS6). Of interest, protein phosphatase 2A (PP2A) is involved in multiple aspects of insulin signal transduction, and is known to dephosphorylate several insulin-signaling kinases, such as S6K1 and Akt (26, 27) . Recently, PP2Ac was identified as an interaction partner of IRS1 in murine cardiomyocytes (5) . Furthermore, emerging evidence suggests hyperactivation of PP2A in liver, muscle, and islets in diabetic cell/animal models (27) . Our results provided the first evidence that PP2Ac interacted with IRS1 in LCs, and this interaction is increased in OCs and/or T2D patients (Fig. 2B) . Correlation analysis of the combined LC, OC and T2D patient groups indicates that basal PP2Ac/IRS1 interaction has no significant correlation with sex, age, and 2-h oral glucose tolerance test. On the other hand, this interaction is positively correlated with BMI (r = 0.46, P , 0.05), percentage of body fat (r = 0.51, P , 0.05), HbA 1c level (r = 0.46, P , 0.05), fasting plasma insulin level (r = 0.5, P , 0.05), and potentially fasting plasma glucose level (r = 0.45, P = 0.053). Moreover, this interaction is negatively correlated with M values (r = 20.52, P , 0.05), suggesting that increased PP2Ac/IRS1 interaction is associated with reduced insulin sensitivity. Insulin resistance and T2D have been linked with mitochondrial dysfunction (4, 28, 29) . Among the 39 IRS1 interaction proteins that showed a significant difference in interaction with IRS1 among the three groups, 12 are involved in mitochondrial processes (Fig. 3 and Supplementary Fig. 2) . Eleven of them exhibited increased interaction with IRS1 in OCs/T2D patients, such as subunits of Complex I (NDUFS8, NDUFV1, NDUFA2, NDUFA10, NDUFB7, and NDUFS6), Complex III (UQCRB/Q), and Complex IV (COX6C), as well as 3-hydroxyisobutyrate dehydrogenase involved in branched-chain amino acid degradation (29) . These results are rather intriguing since mitochondrial protein abundance is found to be downregulated in OC and T2D in the basal state (30) . A phosphotyrosine-dependent interaction between IRS1 and several mitochondrial proteins was previously reported in basal C2C12 mouse muscle cells (31) . Our current findings further supported the association of insulin resistance and mitochondrial dysfunction, and more importantly, identified new protein-protein interactions involving IRS1 in humans that may contribute to mitochondrial dysfunction in insulin resistance and T2D.
Inflammation has been associated with insulin resistance (32, 33) . Three proteins involved in inflammation showed increased interaction with IRS1 in OCs and/or T2D: basigin (BSG [also known as EMMPRIN]), CAV1, and protein-glutamine g-glutamyltransferase 2 (TGM2). Each of these proteins modulate nuclear factor-kB activation and are upregulated in inflammatory conditions (34) (35) (36) . Our current findings suggest that IRS1 may play a role in inflammation-mediated insulin resistance.
Six proteins playing a role in protein degradation showed altered interaction with IRS1 in OCs and/or T2D patients compared with LCs, including cullin-associated NEDD8-dissociated protein 2 (CAND2), E3 ubiquitinprotein ligase TRIM21, histidine triad nucleotide-binding protein 1 (HINT1), transcription elongation factor B polypeptide 1 (TCEB1), heat shock protein b-2 (HSPB2), and 78-kDa glucose-regulated protein (HSPA5). CAND2, TRIM21, HINT1, and TCEB1 are members of ubiquitin ligases and may target IRS1 for degradation (37, 38) . Increased muscle protein degradation has been associated with insulin resistance due to overactivation of the ubiquitin proteasome (39) . Additionally, upregulation of HSPB2 was observed in diabetic-induced rats (40) , while HSPA5 heterozygous mice exhibited resistance to high-fat dietinduced obesity and T2D (41), suggesting a negative role of HSPB2 and HSPA5 in insulin signaling.
Multiple modulators of transcription and protein synthesis also had differential interaction with IRS1 in OCs and/or T2D patients compared with LCs, including SET and MYND domain-containing protein 1 (SMYD1), a transcriptional repressor (42) ; eukaryotic translation initiation factor 3 subunit B (EIF3B); ribosomal proteins (RPL3L, RPL19, RPLP2, and RPS6), key players in translation (43); and importin-5 (IPO5), a ribosomal protein transporter (44) . Reduced mitochondrial protein synthesis was observed in T2D patients compared with matched control subjects (45) . However, the mechanisms for these abnormalities are unclear. Our current findings indicated a role of IRS1 in reduced protein synthesis in T2D.
Cytoskeleton dynamics and muscle contraction regulate glucose uptake, and impairment in these processes may contribute to the development of insulin resistance (46, 47) . CAP-Gly domain-containing linker protein 2 (CLIP2) associates with the microtubule complex and regulates cytoskeletal organization. Clip-associating protein 2 (CLASP2), a known CLIP2 interaction partner, is an insulin-stimulated GLUT4 interaction partner in L6 myotubes (48) . CLIP2 was insulin-responsive to IRS1 only in T2D patients. Interestingly, two other proteins involved in actin cytoskeleton dynamics showed decreased association with IRS1 under the basal condition, including kinesin-1 heavy chain (KIF5B) and WD repeat-containing protein 1 (WDR1). KIF5B is required for insulin-stimulated GLUT4 translocation, and also associates with mitochondria via its function as microtubule protein (49) . WDR1 protects actin filaments from depolymerization and has been found to be upregulated by insulin in adipocytes (50) . Our novel findings pinpoint the aberrant IRS1 interaction partners that may contribute to the defects in cytoskeleton dynamics and muscle contraction that are associated with glucose uptake in insulin resistance.
Although proteomic approaches using CO-IP have been widely used to map protein-protein interaction networks (15, 16) , one limitation of CO-IP exists: the proteins bound to the bait (in this case, IRS1) under the CO-IP condition may not necessarily bind to IRS1 in the cells, and vice versa. This limitation does raise the possibility of IRS1 interaction artifacts. IRS1, however, is distributed throughout the cytoplasm and nucleus, and binds the plasma membrane. It is interesting that a number of mitochondrial proteins were detected as IRS1 interaction partners. Currently, there is no evidence in the literature that IRS1 is localized to mitochondria. Nonetheless, all the mitochondrial proteins identified as IRS1 interaction partners in the study are encoded by nuclear DNA and translocated into mitochondria. Thus, before they are transported into mitochondria, they may interact with IRS1 within the cytoplasm. study. IRS1 is highlighted in purple, and identified IRS1 interaction partners in this study are highlighted in green. Solid and dashed connecting lines indicate the presence of direct and indirect interactions in the Ingenuity database, respectively. eNOS, endothelial nitric oxide synthase; TCA, tricarboxylic acid. Data are given as fold changes (mean 6 SEM). The PA for each protein identified in a specific biopsy sample was normalized against the PA for IRS1 identified in the same biopsy sample (see RESEARCH DESIGN AND METHODS). The normalized PA for each IRS1 interaction partner was compared within the group to assess the effects of insulin or across the three groups to determine effects of obesity or T2D on protein-protein interactions involving IRS1. The mean of the normalized PA for each IRS1 interaction partner in the lean basal biopsy samples was set to 1.00, and all the fold changes were relative to lean basal. For example, CAV1 had an increased association with IRS1 after 2-h insulin infusion exclusively in T2D (indicated by ‡, P , 0.05 compared with T2D basal), while HINT1 had an increased association with IRS1 after 2-h insulin infusion exclusively in LCs (indicated by *, P , 0.05 compared with lean basal). In addition, the interaction between RPS6 and IRS1 is increased in OCs and T2D patients compared with LCs under the basal conditions (indicated by *, P , 0.05 compared with lean basal). *P , 0.05 compared with lean basal. †P , 0.05 compared with obese basal. ‡P , 0.05 compared with T2D basal. §P , 0.05 compared with lean 2-h insulin infusion. ‖P , 0.05 compared with obese 2-h insulin infusion.
It is noted that disease conditions may alter protein solubility. It is possible that the solubility of a protein in the CO-IP buffer was increased in OCs or T2D patients, and therefore more proteins were solubilized in the lysates, which might lead to the increased association of these proteins with IRS1 in OC/T2D. Additional experiments are warranted to explore this possibility. . GRB2, PI3KR1, PI3KR2, PPP2R1A, PPP2CA/B, and RPS6 were identified as IRS1 interaction partners in the study, and, except for PIK3R1, interactions between IRS1 and other identified interaction partners were previously unreported in human skeletal muscle. The KEGG PI3K-AKT pathway was exported from www.kegg.jp as a diagram. A: The exported diagram was color-coded for identified IRS1 interaction partners according to their differences in IRS1 interaction among LCs, OCs, and T2D patients. If a protein has altered interactions with IRS1 in more than one comparison, it may be highlighted in more than one color. The KEGG representation of this signaling pathway highlights the important processes that are regulated by insulin (e.g., protein synthesis, glucose uptake, and glycogen synthesis) and the relationship of identified IRS1 interaction partners within the KEGG PI3K-AKT insulin pathway and associated abnormalities in OCs and T2D patients. Please note that currently there is no comprehensive pathway database and some proteins known to be involved in the PI3K-AKT pathway may not be included in the KEGG PI3K-AKT pathway. B: The interaction between PP2Ac (also known as PPP2AC) and IRS1 was increased in OCs and T2D patients compared with LCs. Data are presented as the mean 6 SEM. White bar, basal; black bar, 2-h insulin-stimulated. *P < 0.05 compared with lean basal; @ P < 0.05 compared with lean 2-h insulin.
Multiple reported IRS1 interaction partners were not identified as IRS1 interaction partners in human skeletal muscle in the current study (Supplementary Table 2 ); all of them were identified only in cell culture or animal models, but not in human skeletal muscle tissue, which might be due to the low abundance of these proteins in human skeletal muscle or difference in protein isoforms in cell culture/animal tissue/human tissue.
As mentioned earlier in the article, insulin-signaling events involving IRS1 require the time-dependent formation of IRS1 complexes (14) , which might be altered in OCs/T2D patients compared with LCs. Therefore, it is possible that some of the observed differences in the interaction of IRS1 with several proteins among LCs, OCs, and T2D patients could be explained by the differential time of interaction among these groups.
In summary, we have identified 122 IRS1 interaction partners in human skeletal muscle, the majority of which are novel. Moreover, 39 of the 122 proteins showed a significant difference in IRS1 interaction among the three groups or within a group in response to insulin. It is well-known that in insulin-resistant and T2D states, reduced response Phosphorylation metabolic pathway was downloaded from http://www.kegg.jp and modified to add color-coding to IRS1 partners according to their differences in IRS1 interaction among LCs, OCs, and T2D patients. If a protein has altered interactions with IRS1 in more than one comparison, it may be highlighted in more than one color. In total, 18 IRS1 interaction partners, all of which were novel, were assigned to the KEGG Oxidative Phosphorylation metabolic pathway: 14 in Complex I (shown in the NADH dehydrogenase block), 3 in Complex III (shown in the cytochrome c reductase block), and 1 in Complex IV (shown in the cytochrome c oxidase block). Among them, nine partners showed no differences in IRS1 interaction among LCs, OCs, and T2D patients (highlighted in green); one was insulin-stimulated in OCs, but not in LCs (NDUFA2, highlighted in light blue); two were insulin-stimulated in the muscle of T2D patients, but not in that of LCs or OCs (NDUFS8 and NDUFV1, highlighted in red); four had increased association with IRS1 in 2-h insulin-stimulated T2D patient muscle vs. 2-h insulin-stimulated LC muscle (NDUFA2, NDUFV1, QCR7, and QCR8, highlighted in orange); four had increased interaction with IRS1 in 2-h insulin-stimulated OC muscle vs. 2-h insulin-stimulated LC muscle (NDUFA10, NDUFB7, NDUFS6, and COX6C, highlighted in brown); and four exhibited altered interaction with IRS1 in 2-h insulin-stimulated T2D muscle vs. 2-h insulin-stimulated OC muscle (NDUFB7, NDUFS6, NDUFV1, and COX6C, highlighted in light green).
to insulin exists, such as reduced insulin-stimulated association of IRS1 with p85a, decreased insulin-stimulated AKT phosphorylation, as well as impaired insulin-stimulated GLUT4 translocation and glucose uptake (3, 7) . Here, we did observe that both p85a and p85b along with three other proteins had a significant increase in their association with IRS1 in LCs, but not in OCs or T2D patients. On the other hand, surprisingly, we observed for the first time that dozens of other proteins, in multiple pathways related to insulin signaling, exhibited an augmented interaction with IRS1 in skeletal muscle from OCs and/or T2D patients in either basal or insulin-stimulated conditions. These proteins may be negative regulators of insulin action and possibly overreact to IRS1 in insulin resistance and T2D, resulting in the early termination of insulin signaling. These novel abnormalities in IRS1 interaction partners in obesity and T2D not only provide new insights into the molecular mechanism of insulin resistance, but also identify new targets for the development of drugs to treat metabolic diseases.
